Acoustic properties of odontocete head tissues, including sound velocity, density, and acoustic impedance, are important parameters to understand dynamics of its echolocation. In this paper, acoustic properties of head tissues from a freshly dead short-finned pilot whale (Globicephala macrorhynchus) were reconstructed using computed tomography (CT) and ultrasound. The animal's forehead soft tissues were cut into 188 ordered samples. Sound velocity, density, and acoustic impedance of each sample were either directly measured or calculated by formula, and Hounsfield Unit values (HUs) were obtained from CT scanning. According to relationships between HUs and sound velocity, HUs and density, as well as HUs and acoustic impedance, distributions of acoustic properties in the head were reconstructed. The inner core in the melon with low-sound velocity and low-density is an evidence for its potential function of sound focusing. The increase in acoustic impedance of forehead tissues from inner core to outer layer may be important for the acoustic impedance matching between the outer layer tissue and seawater. In addition, temperature dependence of sound velocity in soft tissues was also examined. The results provide a guide to the simulation of the sound emission of the short-finned pilot whale.
I. INTRODUCTION
Odontocetes (toothed whales, dolphins and porpoises) use echolocation for hunting and navigation (Au, 1993) . They possess the similar soft tissue structures in head and mechanisms of sonar signal generation (Norris, 1964; Turner and Norris, 1966; Penner and Murchison, 1970; Cranford et al., 1996; Au et al., 2010) . The site of sonar signal generation has been identified as the "phonic lips" for the sperm whale (Physeter macrocephalus) (Cranford, 1999) , which was formerly known as the "monkey-lip dorsal bursae" complex embedded in the nasal system of the harbor porpoise (Phocoena phocoena) (Cranford et al., 1996) . The high-frequency and short-duration sound produced by the echolocation sound source propagates with combined acoustical effects of the melon, air sacs and skull, giving rise to a focused beam before it is emitted into the water (Aroyan et al., 1992; Cranford et al., 1996; Cranford et al., 2008b; Cranford et al., 2014) .
The acoustic function of the tissues in the odontocete head, especially the melon, has always been of interest to researchers. The odontocete melon is composed primarily of "acoustic fat" (Wedmid et al., 1973; Karol et al., 1978; Varanasi et al., 1982) and surrounded by muscle and connective tissue fibers (Norris, 1964 (Norris, , 1968 . The acoustic functions of the odontocete melon that are considered to focus sound and reduce acoustic attenuation by matching acoustic impedance to seawater, which has previously been studied in many species Norris and Harvey, 1974; Amundin and Andersen, 1983; Cranford et al., 2008b; Cranford et al., 2011) . The focusing capability may be enhanced by the gradual decrease in density to the inner core within the melon (McKenna et al., 2012) . The short-finned pilot whale (Globicephala macrorhynchus), which is a highly social species among the deep-diving odontocetes and produces a variety of acoustic signals to echolocate and communicate with conspecifics during deep foraging dives (Aguilar Soto et al., 2008; Jensen et al., 2011; Sayigh et al., 2013) , has a prominent melon surrounded by muscle and connective tissue. However, little research has been conducted on the acoustic function of the melon or other soft tissues of this species. Blomberg (1978) made an acoustic model that the pilot whale (Globicephala melaena) melon acts as an acoustic lens during echolocation according to the sound velocity and lipid contribution of it. It has been shown that the acoustic parameters (e.g., sound velocity and density) are important to understand how sounds propagate through the odontocetes head. In most previous studies, the sound velocity and density of head tissues in it were measured at room temperature (Norris and Harvey, 1974; Wei et al., 2015; Song et al., 2015) . There is a complex relationship (i.e., linear or non-linear) between temperature and the sound velocity of soft tissues or lipids extracted from melon in odontocete head (Blomberg and Jensen, 1976; Litchfield et al., 1979; Goold et al., 1996; Goold and Clarke, 2000; Soldevilla et al., 2005; Song et al., 2017) . Thus, temperature is an important factor for the acoustic property.
Numerical simulations have been used to analyze mechanisms of sound propagation, transmission and reception for the common dolphin (Delphinus delphis) (Aroyan et al., 1992; Aroyan et al., 2001) , spinner dolphin (Stenella longirostris) (Cranford, 1988 ), Cuvier's beaked whale (Ziphius cavirostris) (Krysl et al., 2006; Cranford et al., 2008a) , bottlenose dolphin (Tursiops truncatus) (Cranford et al., 2014) , and baiji (Lipotes vexillifer) (Wei et al., 2014) , which improves our understanding about the biosonar system of odontocete species. For instance, the analysis of sound generation and beam formation of the bottlenose dolphin with finite element simulation has shown that many components (i.e., skull, air sacs, melon, muscle, connective tissue) contribute to beam formation, and the melon is the major contributor (Cranford et al., 2014) . However, the result of baiji has shown that the contribution of skull and air sacs is more than that of the melon for focusing sound (Wei et al., 2014) .
Values of sound velocity, density, and acoustic impedance in bones and tissues are important data for simulating the biosonar system of odontocetes. Soldvevilla et al. (2005) has reported tissue physical properties (i.e., sound velocity, density, elastic modulus and hysteresis), and linear relationships between Hounsfield Unit values (HUs) and both sound velocity and density in the Cuvier's beaked whale (Ziphius cavirostris). Wei et al. (2015) and Song et al. (2015) have reconstructed the distribution of acoustic properties based on linear relationships between HUs and acoustic parameters of the Yangtze finless porpoise (Neophocaena asiaeorientalis) and the pygmy sperm whale (Kogia breviceps) by the computed tomography (CT) scan and ultrasound measurements. In this study, we employed similar methods to reconstruct the acoustic properties (i.e., sound velocity, density, and acoustic impedance) distributions of the head tissue from a freshly dead short-finned pilot whale. Because the temperature may affect the sound velocity in soft tissues and therefore the sound propagation in odontocete foreheads (Blomberg and Jensen, 1976; Litchfield et al., 1979; Goold et al., 1996; Goold and Clarke, 2000; Soldevilla et al., 2005; Song et al., 2017) , the relationship between the temperature and sound velocity were examined. The results enable us to further simulate the acoustic-structure model for better understanding the biosonar system of the short-finned pilot whale.
II. MATERIALS AND METHODS
The experimental subject, a female short-finned pilot whale, was found dead in Lingshui waters, Hainan Province, China on 8 July 2016. No scar, hemorrhage or obvious injury were found on the body. With slight smell and without obvious decomposition, the whale was considered to be freshly dead. To prevent the significant decomposition of tissues, the whale was immediately frozen at À20 C. Twenty days later, the frozen whale was transferred to Sanya, Hainan Province, China, for unfreezing, CT scanning and dissection. It was estimated to be a mature individual with 3.8 m in body length and approximately 500 kg in weight (Kasuya and Matsui, 1984) , while its exact age was unknown.
A. CT scan
The whale's head was flushed with water for about 10 h to ensure the rapid, complete, and uniform thawing. After being thawed completely, the head was scanned immediately at the People's Hospital of Sanya by a GE Discovery HD750 CT machine (GE Healthcare Lifesciences, Pittsburgh, PA, the United State). Axial scans with a 0.625 mm slice width (the device's highest accuracy) was set up, and each image was collected with a power setting of 120 kV Â 425 mA. The image data with resolution of 512 Â 512 pixels were saved as Dicom format.
Mimics 16.0 (Materialise, Leuven, Belgium), a technical medical software, was used to load the Dicom data and obtain HUs of the whole head. Distributions of HUs within the head at axial, coronal and sagittal cross sections were reconstructed offline. The HUs were correlated with sound velocity, density, and acoustic impedance, which were directly measured or calculated by the formula after the CT scanning. The Hounsfield Unit (HU) is a calibrated measure of electron density and describes CT numbers that are derived by comparing the linear attenuation coefficient of a voxel with that of water (Robb, 1999) . It is assigned to each pixel of an image, and represents density of the tissue (White and Pharoah, 2014) . HUs range from À1000 to >1000. The HU value in air at standard temperature and pressure (STP) is defined as À1000, that in water at STP is 0, and that in hard bone is considered to be greater than 1000 (Robb, 1995) . Generally, the HUs in mammalian soft tissues range from À100 to 100, with fatty tissues at the low end and denser connective tissues at the high end (Duck, 2013) .
The CT images at the axial, sagittal, and coronal cross sections of the head are shown in Fig. 1 , while the internal structures, such as melon, blubber, skull, teeth, maxilla, and mandible, were examined offline. The boundary between bone and soft tissue was easily discernable on CT scans. The identification of the melon followed the method of McKenna et al. (2012) . The HUs along the white dashed line (every 1.5 mm) in Fig. 1(A) are shown in Fig. 1(B) . The determination of the melon boundaries was based on a gradient of 10 HU or greater between adjacent points in the profile (McKenna et al., 2012) . Note that some HUs between melon boundaries were less than À150.
B. Dissection of the forehead and HUs measurement
The dissection of the forehead was performed after the CT scan. First, we removed the black skin layer and 1-cm-thick subcutaneous tissues from the forehead. The processed forehead was shown in Fig. 2(A) . Then, the forehead was segmented into eighteen slices of approximately 2 cm thickness along the anterior-posterior direction [Figs. 1(D) and 2(B)]. Twelve slices (A-K and M) were further divided into cuboid samples with the length of 3-5 cm, and all samples were numbered [ Fig. 2(C) ].
The HU value of each sample was measured after the dissection. First, each slice was located in CT images by its thickness and height. Subsequently, HU value of each sample was measured by reference to photos taken during the dissection [ Fig. 2(D) ]. The thickness of a CT image was 0.625 mm, while the thickness of a sample was approximately 2 cm. Therefore, there were about 32 CT scanning images for each sample. The HU value for each CT image was obtained by averaging the HUs within a circle of 3 cm in diameter. The diameter was 3 cm because the adoptive ultrasound probe has a diameter of 3 cm (see below). The HU value for each sample was obtained as a mean value for HUs of all CT images within the sample. The HUs for samples in slice F was shown in Fig. 2(E) , where the values of external samples were greater than those of internal samples.
After measuring HUs of all samples, we classified tissues samples into three types (melon, muscle or connective tissue) by color, texture, location within the head (Soldevilla et al., 2005) and HU value of each sample. All samples composed of two or more tissue types were excluded to provide homogeneous tissue samples for sound velocity and density measurements.
C. Sound velocity, density, and acoustic impedance
We measured sound velocities and densities of 188 tissue samples. Sound velocity of each sample along the anterior-posterior direction was measured using an ultrasound probe with a diameter of 3 cm (Olympus 5073PR Pulser/Receiver, Waltham, MA). Our measurement system was the same as the one used by Song et al. (2015) except that our experiments were performed in a water tank at room temperature (29 C). It enabled us to control the temperature of each sample easily, and we could investigate the relationship between the temperature and sound velocity of the sample by changing the temperature of the water. During the experiment, the samples were placed between the ultrasound probe and a metal board. Ultrasound pulses with a frequency of 3.5 MHz were used. The first ultrasound pulse was reflected by the upper surface of the sample and then received by the probe. The second ultrasound pulse travelled through the sample and was reflected by the upper surface of the metal board. The time of the probe receiving the first and the second ultrasound pulse were determined as the projecting time and the receiving time, respectively. Time difference between the projecting time and receiving time was measured by an oscilloscope (TDS 1012C-SC, Beaverton, OR). Thickness of the sample was measured by a vernier caliper with a measuring range of 0-150 mm, and the sound velocity was calculated according to the double thicknesses divided by the time difference.
For each sample, its mass (m) was measured three times by using an electronic balance (APTB457A, AMPUT, Shenzhen, China) with an accuracy of 0.001 g to calculate the mean mass. We measured its volume by immersing it in a graduated cylinder containing water with an accuracy of 1 ml. We could measure the difference in scale of water surface (DV) between before and after the sample was immersed. For a sample denser than water, its volume was equal to the DV. However, if a sample was less dense than water, a glass rod was used to press it down under the water surface. Then, the immersed volume of the rod was deducted from DV to obtain the sample volume. Considering that water could be absorbed by soft tissues, which may affect the volume measurement, the sample volume was measured only one time and as quick as possible. Density of each sample was calculated by dividing its mass by sample volume.
With the sound velocity (c) and the density (q), the acoustic impedance (Z) of each sample was calculated by the following equation:
(1)
D. Sound velocity and temperature
Sixteen tissue samples from four slices (J, N, P, and R), including six samples composed of melon, six samples composed of muscle and four samples composed of connective tissue, were used to perform the temperature-sound velocity experiment in a water tank with temperature ranging from 20 C to 40 C. The sound velocity of each sample was measured by the same system as at room temperature. The ultrasound probe was fixed carefully on the upper surface of each sample without changing the thickness of the sample. The temperature was the only variable that was recorded in real-time by a microcomputer. A stick was used to stir the water slightly to ensure the homogeneity of the temperature. The sample was retained for about one minute at each given temperature, and the temperature sensor was placed near the sample to ensure that the temperature of the sample is the same as that of the water.
E. Statistical analysis
Analysis of variance (ANOVA) was used to compare HUs and acoustic properties among three tissue types. First, the test of Kolmogorov-Smirnov and Levene was conducted to test if the data conformed to a normal distribution and homogenous variances. According to results, one-factor ANOVA followed by post hoc Duncan tests was employed to compare the sound velocity and acoustic impedance among three tissue types. For the HUs and density, the Kruskal-Wallis test using ranks was performed to analyze differences among three tissue types. SPSS 22.0 (IBM, Armonk, NY) was used to analyze the data with a significance level of 0.05.
Each sample has one mean value for each acoustic property or HU. We performed linear regressions to determine the relationships between HUs and each acoustic property. Based on the linear relationships and whole HUs of the head that were obtained from the analysis of CT images by the software MIMICS 16.0, distributions of acoustic properties of the head at the axial, coronal and sagittal cross sections were reconstructed. In addition, the linear regression was also adopted to analyze the relationship between the temperature and sound velocity of the sample. Origin 9.1 (OriginLab, Northampton, MA) was used to perform the regression analysis.
III. RESULTS
A. HUs, sound velocity, density, and acoustic impedance 1081 transverse CT scans of the head were acquired, among which 466 were used for measuring HUs of samples. The HUs of the samples ranged from À131 to 86 (N ¼ 188). Kolmogorov-Smirnov and Levene's test showed that the HUs match neither the normal distribution (p < 0.05) nor the homogenous variances (p < 0.05). The Kruskal-Wallis test showed that the HUs were significantly different (p < 0.001) among three tissue types. The samples composed of connective tissue had the greatest mean HUs (19 in average with a range from À29 to 86, N ¼ 39), followed by samples composed of muscle (À53 in average with a range from À88 to 24, N ¼ 46), and then samples composed of melon (À102 in average with a range from À131 to À71, N ¼ 103) (Table I) Table I ). The one-factor regression analysis showed linear relationships between HUs and sound velocity [R 2 ¼ 0.61, Fig. 3(A) ], HUs and density [R 2 ¼ 0.65, Fig. 3(B) ], as well as HUs and acoustic impedance [R 2 ¼ 0.72, Fig. 3(C) ]. The distributions of HU, sound velocity, density, and acoustic impedance of the head tissues were reconstructed as shown in Fig. 4. Figures correspond to axial , coronal, and sagittal cross sections from left to right, respectively.
B. Temperature and sound velocity
The relationship between the sound velocity and temperature was shown (Table II, Fig. 5 ). For all samples, the sound velocity had the inverse relationship with temperature had an obvious inflection point at a certain temperature, above which sound velocities decreased linearly at a higher rate with increasing temperature. Measured sound velocities were corrected to 37 C (assumed animal body temperature in vivo) according to the following equation:
where T is the measured temperature, S is the slope, and In is the intercept of linear regression curve (Table II) . This enabled us to compare sound velocities of different tissue types and investigate the acoustic function of forehead tissues in vivo. The corrected sound velocity of one melon sample in 1077.6 m/s is much less than that in previous studies (Blomberg and Jensen, 1976; Litchfield et al., 1979; Goold et al., 1996; Goold and Clarke, 2000; Soldevilla et al., 2005; Song et al., 2017) . Sound velocity and density in samples composed of melon, muscle, or connective tissue of the short-finned pilot whale are shown in Table III with different temperatures, together with those in previously investigated species, such as Cuvier's beaked whale (Soldevilla et al., 2005) , Yangtze finless porpoise (Wei et al., 2015) , and pygmy sperm whale . Furthermore, sound velocities and densities of water layers relevant species regularly dives to were provided. Table II .
IV. DISCUSSIONS AND CONCLUSIONS
Similar studies have been performed in Cuvier's beaked whale (Soldevilla et al., 2005) , Yangtze finless porpoise (Wei et al., 2015) , and pygmy sperm whale . These studies showed linear relationships between HUs and both sound velocity and density. The linear fits in this study are similar to those in Song et al. (2015) , but inconsonant with those in Soldevilla et al. (2005) or Wei et al. (2015) , where the linear fits were tighter. The difference in linear fits between this study and Soldevilla et al. (2005) may be due to different methods used for HUs measurements. Soldevilla et al. (2005) determined the mean HU value of each sample by averaging HUs within a 50 mm 3 region at the center of each sample. However, in this study the mean HU value of each sample was determined by averaging HUs within a $706.5 mm 2 region in all of CT images within each sample. The larger region and more CT images used in our HUs measurements reduced the linear fits. The tighter linear fit in Wei et al. (2015) may be caused by samples with less quantity (25 samples for sound velocity measurements and 16 samples for density measurement). In our experiment, 188 samples were used for the sound velocity and density measurements.
Measurements in short-finned pilot whale from our study and those in other three species from previous studies (Soldevilla et al., 2005; Wei et al., 2015; Song et al., 2015) are shown in Table III . Among these four species, there is a striking similarity that both sound velocity and density are highest in the connective tissue, followed by the muscle and then the melon. In comparison with water, the melon in the four species has the lower sound velocity and density, while connective tissue has the higher sound velocity and density. For muscle, the sound velocity and density in short-finned pilot whale are lower than those in water, while those in other species are similar to those in water. Some interspecies differences were also observed with the same temperature. For melon and muscle tissues, the short-finned pilot whale has the lower sound velocity than other species. For connective tissues, only the pygmy sperm whale has the higher sound velocity than short-finned pilot whale. These differences may be due to interspecies differences in lipid composition. Previous studies have shown that branched and short-chain lipid has the lower sound velocity than other lipids (Blomberg and Lindholm, 1976) , and the wax esters and triglycerides are the major compositions of odontocete forehead lipids (Litchfield and Greenberg, 1974) . For pilot whale, the inner melon has more short-chain wax esters than the outer melon (Wedmid et al., 1973) . The inner melon and outer melon described by Wedmid et al. (1973) is possibly represented by the melon and a mixture with muscle and connective tissue presented in this paper, which is likely to explain why the short-finned pilot whale melon has the lowest sound velocity. The interspecies difference in sound velocity might be explained by the quantified lipid composition, especially the short-chain lipids. However, there is no data about these four species. It is worth performing quantified analysis on the chemical composition of soft tissues in large specimens to investigate the impact of lipid composition on the tissue's sound velocity or density in the future. Alternatively, the difference is possibly induced by ontogeny. The Cuvier's beaked whale and the Yangtze finless porpoise were neonates (Soldevilla et al., 2005; Wei et al., 2015) , while the pygmy sperm whale and the short-finned pilot whale were mature individuals. Cranford et al. (2008b) has suggested that the fiber content of the melon in a neonate is less than that in a mature individual for the Cuvier's beaked whale. Song et al. (2016) has reported that the median HUs of soft tissues (i.e., melon, TABLE III. The comparisons in sound velocity and density among melon sample, muscle sample, and connective tissue sample with different temperatures for Cuvier's beaked whale, Yangtze finless porpoise, pygmy sperm whale, and short-finned pilot whale. The abbreviation RT represents the room temperature. a The water layers are the regular diving depths for the short-finned pilot whale (approximately 500 m; Baird et al., 2003; Jensen et al., 2011) , the Cuvier's beaked whale (approximately 1000 m; Baird et al., 2006; Tyack et al., 2006) , the Yangtze finless porpoise (approximately 3 m; Akamatsu et al., 2002) , and the pygmy sperm whale (arbitrarily 200 m; Mullin et al., 1994; Mullin and Hansen, 1999) . The sound speed and density for the water layers were calculated at approximately 9 C, 50 atm and 35& salinity for the short-finned pilot whale, 5 C, 100 atm and 35& salinity for the Cuvier's beaked whale, 20 C, 0.3 atm and 0& salinity for the Yangtze finless porpoise, and 15 C, 20 atm and 35& salinity for the pygmy sperm whale (Wilson, 1960; Medwin, 1975; Pilson, 2012 ; the data in temperature and salinity of water come from World Ocean Atlas 2013, Vol. 2).
blubber, mandibular fat, muscle) in a finless porpoise fetus are lower than those in its mother, but the median HUs of connective tissue is higher. These ontogenetic differences in morphology and physical property may cause differences in lipids' composition between mature individuals and neonates, and thereby the changes in sound velocity and density of soft tissues.
Our study improves the understanding about acoustic functions of soft tissues, especially the melon, in the biosonar beam formation in the short-finned pilot whale. The primary acoustic function of the odontocete melon is considered to focus sound into a forwardly projecting beam (Norris, 1964 (Norris, , 1968 Norris and Harvey, 1974; Au, 1993; Cranford et al., 1996) . Sound wave bends or refracts towards the medium with lower sound velocity or lower density when it propagates to the interface between two mediums with different densities (Blackstock, 2000) . Thus, the focusing sound can be achieved if sound velocity or density of melon is lower than that of the surrounding tissues. Our measurements at room temperature shows that both mean sound velocity and density were lowest in melon samples (Table I) , indicating the short-finned pilot whale melon is important for focusing sound. McKenna et al. (2012) has shown that the gradual decrease in density of tissues from the external layer to the inner core within the melon may enhance the focusing of sound beam. The reconstructions of acoustic properties show a similar variability in sound velocity and density [Figs. 4(B) and 4(C)], which suggests that the capacity of focusing sound will also be enhanced when sound propagates through the forehead of the short-finned pilot whale. Furthermore, temperature is also a factor that affects sound velocity, and thereby the capacity of focusing sound for tissues. Sound velocities of soft tissues and lipids extracted from melon in odontocete forehead decrease with increasing temperature (Blomberg and Jensen, 1976; Litchfield et al., 1979; Goold et al., 1996; Goold and Clarke, 2000; Song et al., 2017) , which is consistent with the results of our study (Fig. 5) . Compared to the melon located inside the forehead, logically the external connective tissue might have a variable sound velocity due to the change of seawater temperature. Cooler seawater leads to a higher sound velocity for the external connective tissue. If the temperature of the internal tissues is invariable, the difference in sound velocity between internal tissues and external ones may be greater when the short-finned pilot whale dives into cooler deep seawater from surface, resulting in an enhanced focusing of sound beam.
The odontocete melon was also considered an acoustic impedance matching device, contributing to the transmission of a great amount of acoustic energy out of the forehead (Norris and Harvey, 1974) . In our study, the reconstruction of acoustic impedance indicates that the melon in shortfinned pilot whale plays a role as an acoustic impedance transformer in the increase of acoustic impedance from inner core to outer layer [ Fig. 4(D) ], which may be important for the impedance matching to the water to maximize the acoustic energy transfer out of the forehead. The acoustic impedance of seawater was calculated as 1533.9 Â 103 Pa s/ m with sound velocity of 1491.4 m/s and density of 1028.5 kg/m3 (Wilson, 1960; Pilson, 2012;  Table III ). The reconstructed distribution of acoustic impedance at room temperature at the coronal and sagittal cross sections [the second and third pictures in Fig. 4(D) ] shows that the outer layer of the forehead has a similar acoustic impedance to seawater, suggesting that the acoustic impedance matching might occur at the tissue-seawater interface. However, the temperature affects sound velocity, and thereby the acoustic impedance. When the animal dives into seawater with lower temperature, the difference in acoustic impedance between soft tissues in the internal forehead will be greater by the increase in acoustic impedance of the external connective tissue. Thus, a lot of acoustic energy would be lost in the internal forehead unless the animal can compensate for the energy loss in some way. The increase in temperature of outer layer tissues by the acceleration of blood flow is a reasonable way, which may be supported by the finding that most blood vessels are in the front of the head of a dwarf sperm whale (Kogia sima) (Goold and Clarke, 2000) . The matched-acoustic impedance at the tissue-seawater interface is also impacted by the temperature. Unfortunately, the lack of research on blubber in this study hinders our investigation to this question, and studies on the acoustic parameters of blubber should be performed in the future.
In our study, for the melon sample and muscle sample, the relationship between the temperature and sound velocity is linear or non-linear, and for the connective tissue sample, that is linear (Fig. 5) . Studies reporting linear or non-linear relationships between temperature and sound velocities of soft tissues or lipids extracted from melon in many odontocete species are shown in Table IV (Blomberg and Jensen, 1976; Litchfield et al., 1979; Goold et al., 1996; Goold and Clarke, 2000; Soldevilla et al., 2005; Song et al., 2017) . For melon or lipids extracted from the melon, the linear relationship between temperature and sound velocity was found in a North Atlantic pilot whale (Globicephala melaena melaena) (Blomberg and Jensen, 1976) , a bottlenose dolphin (Litchfield et al., 1979) , and a Cuvier's beaked whale (Soldevilla et al., 2005) . The slopes of these linear functions are 4.42 m/s/1 C, 3.5 m/s/1 C and $3 m/s/1 C, respectively, similar to our results (3.02 to 4.01 m/s/1 C). However, non-linear relationship between temperature and sound velocity was found in a sperm whale (Physeter macrocephalus) (Goold et al., 1996) , a dwarf sperm whale (Goold and Clarke, 2000) , and an Indo-Pacific humpback dolphin (Sousa chinensis) (Song et al., 2017) . The non-linear effects in above studies (except Song et al., 2017) were caused by the phase change from liquid to solid (approximately 29 C), with sound velocity decreasing more slowly as the temperature increases above $29 C. However, the results of melon sample in present study exhibit the value of sound velocity has no sharp transition near 29 C. Sound velocities in some melon samples decrease linearly until the temperature at 35 C or 37 C, beyond which it exhibits another linear decrease with a faster rate [ Table II , Fig. 5(C) ]. Similarly, the sound velocity of the melon tissues in the Indo-Pacific humpback dolphin decreases more rapidly as the temperature increases above 32 C (Song et al., 2017) . If all soft tissues exhibit the same change in temperature, the faster rate in the sound velocity of the melon will bring a greater difference in sound velocity between melon and muscle or connective tissues, resulting in an enhanced focusing of echolocation beam. For muscle or connective tissue, the linear relationship and non-linear relationship between temperature and sound velocity were previously found in the Cuvier's beaked whale (Soldevilla et al., 2005) and the Indo-Pacific humpback dolphin (Song et al., 2017) , respectively. All connective tissue samples and some muscle samples in the short-finned pilot whale had linear effects, similar to results in the Cuvier's beaked whale (Soldevilla et al., 2005) except the difference in linear gradient. However, two muscle samples had non-linear effects, consistent with previous results in the Indo-Pacific humpback dolphin (Song et al., 2017) , except the difference in the turning point where the sound velocity decreases with a faster rate, which is 32 C in Song et al. (2017) and 30 C or 37 C in this study. In summary, the relationship between temperature and sound velocity in odontocete soft tissues is complex, which reflects that the mechanisms for biosonar production and transmission are not simple. However, the reasons for these discrepancies are unknown, and similar experiments with more specimens will be helpful for solving these problems.
There are two anomalies in the present study. First, as shown in Fig. 4(A) , there are many low HUs areas (i.e., black spots or line shapes) in the forehead of the short-finned pilot whale, which may be related with some low HUs (below À150) in Fig. 1(B) . This phenomenon has never been found in the Yangtze finless porpoise (Wei et al., 2015) , the pygmy sperm whale , or the Indo-Pacific humpback dolphin (Song et al., 2017) . Further check of the CT images suggested that these areas might be blood capillaries filled with air, which may be caused by the change in the chemical composition of the soft tissues in the dead animal. The other anomaly is an outlier (1077.6 m/s) for the sound velocity of melon sample at 37 C (Table II) , which may be caused by our incorrect operation during the temperature-sound velocity experiment.
The present study improves our understanding on the biosonar system in short-finned pilot whale. However, our results might have some limitations. The system used to measure the sound velocity of tissues produced ultrasound pulses with a center frequency of 3.5 MHz, while frequencies of biologically significant sounds produced by the subject species are less than 150 kHz. Previous researches have reported that sound speed attenuation in biological soft tissues and oils of marine mammals ranges only from 1 to 10 m/s between 1 and 10 MHz (Carstensen and Schwan, 1959; Kuo and Weng, 1975; Kremkau et al., 1981; O'Donnell et al., 1981) . Therefore, the difference due to the high frequency of the ultrasound pulses is relatively small and acceptable. Another limitation is that the tissue samples in this study are not fresh, but experienced frozen and unfrozen procedures before the measurements. Though a previous study has reported that the freezing and thawing processes of soft tissues in postmortem bottlenose dolphins have no influence on acoustic parameters of soft tissues (McKenna et al., 2007) , it remains to be seen whether it suits the current species. In addition, the classification of soft tissue samples was subjective, while the histological analysis of samples can provide a more accurate result. Positions of some samples in forehead may not be precisely same with those in CT images because it is very hard to keep the surface of each slice smooth during the dissection. An improvement could be marking the position of each slice by a pin on the skin during the CT scan of the animal's head.
This study provides important data on sound velocity, density, acoustic impedance, and HUs for Globicephala macrorhynchus head tissues. The acoustic property of the melon, muscle and connective tissue in the short-finned pilot whale are different among each other. The relationships (Blomberg and Jensen, 1976) lipids melon 10 to $40 C linear 3.5
Bottlenose dolphin (Litchfield et al., 1979) lipids melon 10-40 C linear $3
Sperm whale (Goold et al., 1996) lipids spermaceti oil 22-38 C non-linear -Dwarf sperm whale (Goold and Clarke, 2000) lipids spermaceti oil 7-38 C non-linear -between HUs and the sound velocity, HUs and density, and HUs and acoustic impedance are linear. The reconstructed distributions of the acoustic properties show that the melon in short-finned pilot whale plays a role in focusing sound and transforming acoustic impedance. The relationship between temperature and the sound velocity of soft tissue is complex, and useful for investigating the sound propagation in vivo. Further simulation to the echolocation emission and reception of the short-finned pilot whale based on the present data might improve our knowledge about the mechanisms of sound production, reception or transmission for it.
